A novel method for evolutionary material development by using high-throughput processing is established. For the purpose of this high-throughput approach, spherical micro samples are used, which have to be characterized, up-scaled to macro level and valued. For the evaluation of the microstructural state of the micro samples and the associated micro-properties, fast characterization methods based on physical testing methods such as calorimetry and universal microhardness measurements are developed. Those measurements result in so-called descriptors. The increase in throughput during calorimetric characterization using differential scanning calorimetry is achieved by accelerating the heating rate. Consequently, descriptors are basically measured in a non-equilibrium state. The maximum heating rate is limited by the possibility to infer the microstructural state from the calorimetric results. The substantial quality of the measured descriptors for micro samples has to be quantified and analyzed depending on the heating rate. In this work, the first results of the measurements of calorimetric descriptors with increased heating rates for 100Cr6 will be presented and discussed. The results of low and high heating rates will be compared and analyzed using additional microhardness measurements. Furthermore, the validation of the method regarding the suitability for the evolutionary material development includes up-scaling to macro level and therefore different sample masses will be investigated using micro and macro samples during calorimetry.
Introduction
At the Collaborative Research Center 'Farbige Zustände' (CRC 1232) of the German Research Foundation (DFG), a novel method for evolutionary structural material development has been established. A sequence of different characterization processes has been developed using spherical micro samples with a diameter equal to or less than 1 mm, thus enabling high-throughput screening. Droplet generators as in [1] provide spherical droplets as micro samples, allowing fast production of various alloys while using small batches. Starting with chemical composition, the experimental processes of the different characterization methods are systematically adapted, including the variation of the thermal, thermo-mechanical and mechanical parameters involved. Subsequently, the obtained microstructure states and associated micro-properties are characterized, up-scaled to macro level and valued. By means of machine learning and heuristic methods, the experimental plans are refined and the experimental procedure is continued until, finally, a novel material with the desired properties is found [2, 3] .
The properties of metallic materials are substantially affected by the phases present in the microstructure and their special morphology. Furthermore, the interactions of defects of the respective phases play a decisive role for many metallurgical processes. Defect structure and microstructure are significantly influenced by the heat treatment and the transformation processes taking place, such as the dissolution and precipitation of phases or the change of the crystal structure, but also by the alloy.
Most metallic materials strive to form an equilibrium phase which is counteracted by rapid heating and cooling processes. Due to the important thermal switching behavior and the small Biot number, small-scale samples enable rapid temperature changes in the material and thus the possibility of non-equilibrium states.
Dynamic differential scanning calorimeters (DSC) are used for heat treatment and in situ characterization of structural changes, as well as for rapid ex situ characterization of previously heat-treated samples. The chemical and physical reactions of steel and aluminum materials due to heating or cooling processes during DSC measurements can be investigated. Using this measuring technique, extremely variable temperature-time cycles can be adjusted so that they are device-specifically limited for the maximum temperature, as well as with respect to heating and cooling rates. Not only phase transition, but also precipitation and dissolution processes are detectable during DSC measurements, which can be used as a characterization of microstructural states. Several studies regarding DSC measurements on steels can be found in the literature, e.g., concerning the determination of martensite decay [4] . In the case of aluminum alloys, extensive work has already been carried out on precipitation and dissolution behavior using DSC from Keßler et al. [3] , in which methods for producing continuous cooling precipitation diagrams, as well as continuous heating dissolution diagrams, were developed. Measuring speed, and thus sample throughput, can be increased using non-equilibrium heating rates. However, an increase in heating rate leads to a different DSC measuring curve [5] . The analysis and data interpretation of such DSC measurements is a major challenge.
In this paper, the relations between DSC descriptors (short-term determinations, which are based on physical test methods) and heating rates are presented using DSC-supported reheating tests of micro samples. DSC descriptors are characteristic features for microstructural changes derived from the temperature-dependent endo-or exothermic peaks of the DSC curve. The descriptors are quantified and analyzed depending on the heating rate.
Additionally, universal microhardness (UMH) measurements are carried out for evaluating the heat treatment states of the samples after the DSC measurements. This indentation method provides microhardness descriptors which enable a comparability for micro and macro samples and thus gives a validation feature for a calorimetric characterization with increased heating rates [6] .
The aim of this investigation is to accelerate the DSC measurements regarding the high-throughput approach of the CRC 1232 without compromising the calorimetric results.
Materials and Methods

Materials
The experiments were carried out with spherical micro samples of bearing steel SAE52100 (German grade 100Cr6 or AISI 52100). The samples were separated from a cast wire and rolled into a spherical geometry with a diameter of 1 mm in a roller ball production process. The material used is a conventional, commonly used bearing steel which is available in spheres and similar sizes as the generated droplets of the future high-throughput process of the CRC 1232, allowing the validation of short-term characterization via descriptors. The microstructure of the samples directly after the manufacturing process consists of martensite with retained austenite and globular carbides (Figure 1a) . After heat treatment in a standard vacuum furnace with a heating rate of 15 K/min from room temperature to 850 • C, holding for one hour at this temperature and then cooling with 8 bar nitrogen, the microstructure of the samples changes to a mixture of retained austenite, perlite, globular cementite and globular carbides (Figure 1b) .
Macro samples were turned from a rolled bar with a diameter of 20 mm into DSC samples with a diameter of 4 mm and a height of 1.5 mm. The etched sample shows a spheroidized microstructure with perlite and globular cementite (Figure 1c ).
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Differential scanning calorimetry is one of the methods of thermal analysis, and is defined in DIN 51,005 as a generic term for the study of materials involving thermal control. In the process, the chemical or physical properties of the analyzed material are measured as a function of time while subjected to a controlled temperature regime.
In the DSC method, there are two crucibles subjected to an identical temperature program. The thermal contact between the sample and the crucible is of particular importance. One crucible contains the investigated material and the other crucible contains a reference material of comparable heat capacity. If an endothermic or exothermic reaction takes place in the testing sample, the heat flow between the oven and the sample differs from the one between the oven and the crucible with the reference. Such temperature difference is the primary measurement signal. The heat flow rate is proportional to it [7] .
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The DSC experiments were carried out with a calorimeter of type HT TGA/DSC 3+ (© METTLER TOLEDO, Hamburg, Germany). Investigations were done with both low (10 K/min) and relatively high (70 K/min) heating rates under an argon atmosphere using an empty reference crucible. Calibration of the DSC was done by using five different calibration materials (indium, zinc, aluminum, gold and palladium) covering the desired temperature range with all used heating rates. The high heating rates and the usage of an empty reference crucible were applied to ensure highthroughput. The measured descriptors are onset, endset, and the area under the peak. The evaluation of the peaks is shown schematically in Figure 2 . 
Universal Microhardness Measurements
Hardness is the measure of a material's resistance against mechanical penetration. Instrumented nano indentation measurements enable the examination of elastic and plastic material behavior during the whole indentation process without subsequent optical inspection of the remaining hardness indentation. Furthermore, in comparison to standard macro hardness testing, UMH measurements reveal very local results, since indentation sizes are small, evidently depending on material properties and indentation force. Therefore, minimum and maximum values of measurements of one sample contain information on the local microstructure.
For the investigations of the universal microhardness the samples were prepared by embedding and grinding to the equatorial plane. The surface of the samples was polished so that instrumented nano indentation measurements could be carried out. For the determination of the hardness, a Fischerscope H100C testing device with a Vickers indenter was used. The indentation force was set to 1000 mN. A loading time, holding time and relief time of each 10 s was used. For each sample, 25 individual UMH measurements in the center of the sample were made.
Experimental Parameters and Data Analysis
The samples were examined for their behavior when varying heat treatment parameters during DSC measurements. Austenitizing temperature (TA) and holding time (tA) were kept constant while 
Universal Microhardness Measurements
Experimental Parameters and Data Analysis
The samples were examined for their behavior when varying heat treatment parameters during DSC measurements. Austenitizing temperature (TA) and holding time (tA) were kept constant while heating and cooling rates were varied. The experimental parameters and the characterization methods are summarized in Table 2 . Evaluation of experimental data followed standard statistical methods. Since the relevant data follows a rational scale (equidistant values and temperature in K, thus an absolute point of zero is given), there are no restrictions in terms of applicability of mathematical operators. All displayed graphics show the arithmetic mean of relevant descriptors, that has been evaluated over sample sizes varying from n = 3 (for macro samples) to n = 16 (for micro samples).
Since a sample has to be embedded and polished for the microhardness measurement, it is not possible to perform a hardness-DSC-hardness experiment on the same sample. Therefore, the comparison was made between the arithmetic mean of hardness descriptors of four samples without heat treatment and of samples that have been subjected to varying heat treatments in DSC.
For the statistical analysis of UMH measurements, an arithmetic mean (together with a standard deviation) of the aforementioned 25 individual measurements per sample was computed and considered as microhardness value for this sample for future computations.
Comparisons were made between different heating rates, as well as the mass of samples per DSC measurements, i.e., one micro sample, three micro samples at a time, or one macro sample ( Figure 3 ). As mass-relevant descriptors like area under the peak are already computed in relation to the sample mass, this finds no consideration in the data analysis when comparing those three variations.
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The spherical micro samples are very different from the optimal DSC samples. Both the low mass of about 2 mg, as well as the point contact with the crucible make the implementation and evaluation of measurements more complicated. In previous investigations, it has already been stated that the peaks of DSC curves of spherical micro samples are less pronounced than those of a flat macro sample [8] . In the heating part of the experiments with micro samples, two or sometimes three peaks are detected, while there is only one explicit peak in the cooling part. Increasing the heating rate not only increases throughput, but also simplifies the evaluation of peaks, as they are more visible. In Figure 4 , four example curves with heating rates of 10, 30, 50 and 70 K/min are shown. Hereinafter, peaks are identified by their number of occurrences. As mentioned above, during 
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The DSC curve of the macro sample has only one clearly visible transformation peak each in the heating and in the cooling part (Figure 7) . During the heating part, only peak 2 (start (A C1b ) and end (A C1e ) of the transformation of ferrite into austenite) is visible. Peak 1 is recognizable only at the higher heating rate of 30 K/min. However, a correct evaluation of the peak is not possible. Considering that macro samples only show one peak during heating and one peak during cooling, all three variations show similar behavior. The difference originating from mass yields no higher deviation than the one originating from different heating rates and is still less than a standard deviation. One difference is that macro samples only show one peak for heating (peak 2 of micro samples) and one for cooling (peak 4 of micro samples). Figure 8 shows starting temperatures for all peaks for varying mass input, i.e., one micro sample (for 10-70 K/min), three micro samples (10-50 K/min) and one macro sample (10-30 K/min). Considering that macro samples only show one peak during heating and one peak during cooling, all three variations show similar behavior. The difference originating from mass yields no higher deviation than the one originating from different heating rates and is still less than a standard deviation. One difference is that macro samples only show one peak for heating (peak 2 of micro samples) and one for cooling (peak 4 of micro samples). Figure 8 shows starting temperatures for all peaks for varying mass input, i.e., one micro sample (for 10-70 K/min), three micro samples (10-50 K/min) and one macro sample (10-30 K/min). Considering that macro samples only show one peak during heating and one peak during cooling, all three variations show similar behavior. The difference originating from mass yields no higher deviation than the one originating from different heating rates and is still less than a standard deviation. One difference is that macro samples only show one peak for heating (peak 2 of micro samples) and one for cooling (peak 4 of micro samples). 
Results of UMH Measurements
There have been several experiments conducted to investigate the influence of a DSC treatment on hardness (described through eight different descriptors). Hardness descriptors were measured on micro and macro samples without heat treatment and on samples with different heat treatments in the DSC (heating rates of 10 K/min and 30 K/min). The Martens hardness (HM), the hardness without elastic deformation (HU pl ) and the indentation hardness (H IT ) descriptors were investigated in more detail.
When evaluating hardness descriptors on one sample, it is necessary to compute the arithmetic mean over all 25 measurements. Figure 9 shows the resulting arithmetic mean and standard deviation for four different samples of the three hardness descriptors. The standard deviation is comparatively high, but the arithmetic means have similar values. There is no difference in hardness descriptors comparing samples that were measured in the DSC as a single micro sample and those that were measured in a set of three. The results were therefore regarded as equal in further analysis.
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Discussion
According to the results of the investigations carried out, the critical heating rate for the spherical micro samples is between 50 and 70 K/min. This is mainly due to the maximum sampling rate of ten measured data per second. As the heating rate increases, fewer measured data are taken, reducing accuracy. As a result, some peaks are not displayed correctly, which makes the evaluation of the curves that were recorded at 70 K/min particularly difficult. On all curves except those with a heating rate of 70 K/min, three peaks can be detected. Thus, with the fastest heating rate curve, only A C1b and A C1e can be determined. However, these transformation points can be determined at all heating rates, with the lowest standard deviation of maximal 3 • C. DSC results for the start of ferrite into austenite transformation A C1b are in agreement with the expected temperature of 751 • C shown in the continuous TTA diagram of 100Cr6 for low heating rates [9] . The changes in intensity of peak 1 can be explained by the amount of retained austenite or the formation of chrome carbides. Due to the slightly different initial microstructure of the micro samples, transformation occurs between 330 and 360 • C during heating.
Neither the small mass of the spherical micro samples, nor the point contact with the crucible, have any effect on the accuracy of the measurement of the transformation temperatures. Thus, an increase in the amount and thus also the mass of micro samples from one (2 mg) to three pieces (6 mg) leads to no improvement in accuracy. The results of the measurements on the micro samples are comparable with the measurements on flat macro samples with a mass of about 95 mg. However, the low mass of about 2 mg has an extremely high influence on the reproducibility of the evaluation of the area below the peaks.
After the heat treatment of the micro samples in the DSC, the measured hardness descriptors decrease in comparison to the samples without heat treatment due to the slow cooling rate of 30 K/min, which leads to a ferritic-perlitic microstructure, as no martensitic hardening can be obtained, e.g., the indentation hardness H IT drops from 10.1 GPa for the initial martensitic microstructure to 2.6 GPa after DSC heat treatment with a heating rate of 10 K/min. UMH measurements provide a very local material characterization depending on the position of indentation and therefore include a high possibility of detecting supposedly opposite information on hardness within one sample. Exemplarily, the indentation hardness H IT of one micro sample based on 25 measurements after heat treatment in the DSC at a heating rate of 10 K/min varies between 1.79 GPa (minimum value) and 3.29 GPa (maximum value), while the calculated mean is 2.61 GPa (Table 3) . Depending on the inspected phase, the indentation hardness can be relatively low for perlite-ferrite on the one hand and very high for precipitated carbides on the other. Since the microstructure of the micro samples shows a high occurrence of carbides the scattering is expected to be high. Despite the high standard deviations for UMH measurements of one micro sample (Figure 8) , comparability between several samples is ensured by the low standard deviations of the averaged mean value, which underlines the validity of the method. The hardness varies only slightly between the two investigated heating rates of 10 K/min and 30 K/min, which is due to the constant holding time of 20 min after heating and the resulting approximately equal diffusion time. Therefore, as expected, the main influence on the hardness is not the heating rate, but the cooling rate during the heat treatment. Nevertheless, a tendency towards lower hardness descriptor values with increasing heating rate is noticed. In comparison, micro samples with their low weight are more sensitive to accelerations of heating speeds than macro samples. The relative change of indentation hardness H IT is ten times higher than for macro samples (Figure 10b ).
Conclusions and Outlook
The sudden drop of temperature for DSC peaks for a heating rate of 70 K/min confirms the expectation that there is a critical maximum heating rate for DSC measurements. The realization of DSC measurements with a high heating rate is beneficial for the high-throughput material development in the CRC 1232. Therefore, heating rates above 50 K/min will be examined in detail in further investigations in order to find such a critical maximum heating rate. Furthermore, UMH measurements are planned to investigate the corresponding indentation hardness.
Since the hardness descriptors only slightly vary for different heating rates (of 10 K/min and 30 K/min) of the heat treatment during DSC measurements, this needs to be examined for further heating rates; therefore, further investigations with heating rates of, e.g., 50 K/min (or higher) are planned. As discussed, the heating rate has no significant impact on the indentation hardness, as in this study the diffusion time approximately remained unchanged due to the constant holding time. Additionally, the hardness is expected to change with varying cooling rates. To determine whether the decisive influencing parameter on the indentation hardness is the cooling rate or the missing holding time, these influences will be examined in further investigations. 
